Lysyl oxidase catalyzes the formation of crosslinking aldehydes in collagen and elastin. This report demonstrates that the enzyme has high activity with collagen precipitated as native fibrils, an apparent Km of 0.95 MM, and low activity toward either soluble forms such as denatured collagen, isolated a chain, or isolated al-CBI peptide, or precipitated collagen fibrils after pepsin treatment. These results indicate that the biosynthesis of the aldehyde crosslink intermediate probably occurs primarily after the onset of fibril formation in vivo. Biosynthesis of aldehydes and subsequent crosslinks may be related to the rate of fibril formation as well as to the concentration of lysyl oxidase in vivo.
Many of the properties of connective tissue and bone, such as high tensile strength and ability to support adjacent organs, are acquired as a result of the intermolecular crosslinking of collagen and elastin (1, 2) . The initial reaction in the crosslinking of both collagen and elastin is the formation of the e aldehydes, allysine, and hydroxyallysine, from certain lysyl and hydroxylysyl residues ( Fig. 1) (3, 4) . Aldehyde formation is catalyzed by the enzyme lysyl oxidase (5, 6) . Subsequent aldol condensation or Schiff base crosslinking reactions apparently proceed without additional enzymatic reactions (7, 8) .
Lysyl oxidase was initially detected in extracts of embryonic chick epiphyseal cartilage with elastin substrates prepared from 16 -day chick embryo aortas (5) labeled with [6-5H] lysine in organ culture in the presence of the lathyrogen ,B-amrinopropionitrile (BAPN) to inhibit aldehyde formation. The insoluble residue of the labeled aortas after homogenizing was then used as a substrate. Formation of aldehydes at the 6 position of lysyl-or hydroxylysyl residues of the [6-3H ] lysine-labeled substrate resulted in release of tritium from that position and formation of tritium water. The tritium water was isolated by distillation of individual samples. The radioactivity observed correlated with formation of lysyl-or hydroxylysyl-derived aldehydes measured by amino-acid analysis (5) . When equivalent amounts of lysyl oxidase were assayed with [6-3H ] lysine elastin and collagen substrates, much higher activity was measured with the elastin substrate (6) . However, formation of allysine and crosslinked components did occur after incubation of collagen with preparations of lysyl oxidase (6, 9) .
The crosslinking of collagen in vivo involves very specific lysyl and hydroxylysyl residues (10, 11) amino-acid sequences are quite dissimilar to those reported in elastin adjacent to crosslinks (12) . Since lysyl oxidase has no activity with free lysine (5) or low-molecular-weight amines (5, 13), higher enzymatic activity with elastin with enzyme prepared from cartilage, a tissue rich in collagen, seems paradoxical. This paper reports further study of the activity of purified lysyl oxidase with collagen substrates. The physical state of the substrate is a principal factor determining enzyme activity. Lysyl oxidase has high activity for collagen precipitated from solution as fibrils. This observation has made it possible to develop an assay with collagen substrates that is more sensitive than the conventional elastin assay and to define the point in the biosynthesis of the mature collagen fibril at which synthesis of crosslinking aldehydes occurs.
MATERIALS AND METHODS
Preparation of Substrates. Elastin substrates were prepared from chick embryo labeled with L- [4,5- 'H]lysine in organ culture as previously described (5, 14) .
For preparation of collagen substrates, 18 pairs of chick calvaria parietal bones from 17-day-old chick embryos were incubated at 370 in 50-ml Erlenmeyer flasks with 10 ml of Eagle's minimal essential medium without lysine and supplemented with 4 mg of proline, 5 mg of glycine, 5 mg of BAPN, 5 mg of ascorbic acid, and 20,000 U of penicillin G per 100 ml of medium (6) . After preincubation for 30 min to reduce the free lysine pool, the medium was changed, 200 ,Ci of D,L- [6-8H] lysine was added to each flask, and the flasks were gassed for 1 min with a 5% C02-air mixture. After incubation for 24 hr, the calvaria from four flasks were pooled and homogenized in 40 ml of 1 Collagen a chains labeled with [6-3H lysine were prepared from radioactive calvaria collagen by resuspending the 20% NaCl collagen precipitate in 0.06 M sodium acetate, pH 4.8, dialyzing, and then separating the collagen subunits by CMcellulose chromatography (17) . The a chains were desalted by dialysis against distilled water and lyophilized.
a1-CB1 labeled with [6-3Hjlysine was prepared by cyanogen bromide cleavage of radioactive al chains (18) . The peptide was isolated by ion exchange chromatography on a 2 X 10-cm phosphocellulose column and then desalted on a 2 X 40-cm BioGel P-2 column equilibrated with 0.1 M acetic acid and lyophilized.
Pepsin-treated collagen was prepared by incubating 5 mg of radioactive calvaria collagen in 10 ml of 0.5 M acetic acid with 0.1 mg of pepsin (Worthington, 2X recrystallized) for 4 hr at 150 at pH 3.5 (19) . The pepsin was inactivated by adjusting the pH to neutrality and the solution was then centrifuged at 20,000 X g for 10 min. The pepsin treated collagen was then dialyzed against either PBS or 0.3 M sodium phosphate buffer, pH 7.8, before use as a substrate.
Preparation of Enzyme. Lysyl oxidase was prepared from 17-day-old chick embryo epiphyseal cartilage by a modification of a recently reported purification in buffers containing urea (20) . Femoral and tibial epiphyseal cartilage was dissected free of surrounding tissue, homogenized in PBS (0.5 g/ml), and centrifuged at 20,000 X g for 10 min (5). The lysyl oxidase in the supernatant was absorbed to an affinity resin prepared by coupling collagen from the skin of lathyritic rats to Sepharose 4-B (20) . The resin was eluted sequentially on a Buchner funnel with 0.05 M Tris-HCl, pH 7.4; 1 M NaCl, 0.05 M Tris, pH 7.4; and 6 M urea, 0.05 M Tris, pH 7.4. The 6 M urea "affinity" eluate containing most of the initial enzyme activity was then loaded directly onto a 2 X 10-cm DEAE-cellulose column and eluted with a linear 0-1.0 Ml NaCl gradient in 6 M urea, 0.05 M Tris, pH 7.4 in a total volume of 200 ml. Enzyme activity eluted as a single peak at approximately 0.25 M NaCl. The DEAE-cellulose eluate was dialyzed against PBS and used for subsequent studies. One milliliter of enzyme solution containing approximately 5 ,g of protein was used in most incubation assays.
Assays with elastin substrates were done as previously described (5, 14) . The total volume of each incubation mixture was 1.5 ml and samples were usually incubated for 3 hr. After vacuum distillation, 1-ml aliquots of tritium water were analyzed in a Packard Tri-Carb liquid scintillation spectrometer with a Liquifluor-based counting solution with efficiency of approximately 25%.
For assays with collagen substrates, aliquots of the collagen solution were usually incubated at 370 for 60 min prior to addition of the enzyme fraction that had been warmed to 370. The volume of the final assay mixture was adjusted to 1.5 ml with warm PBS and then the mixture was incubated for 3 hr unless otherwise specified. The incubation mixtures were then vacuum distilled and the radioactivity of the distillate was determined.
RESULTS
Previous studies of lysyl oxidase have been limited by lack of an efficient purification method (5, 6, 9) . When impure enzyme fractions were added to labeled collagen substrate and incubated for 3 hr, approximately 50 cpm of net tritium release was observed compared to more than 4000 for elastin substrates (Table 1) .
This difference in enzyme activity for the two substrates could not be attributed solely to the higher specific activity of Proc. Nat. Acad. Si. USA 71 (1974) (0) were not preincubated. Purified lysyl oxidase (0.01 mg) was added to tubes (0) and (E) at zero time. 0.15 M NaCI, 0.10 M NaH2PO4, pH 7.8 buffer was added to tubes (0) at zero time. Samples were analyzed for release of tritium water from the substrate at various times as illustrated. Small panel (upper left) illustrates the full time course of the reaction. The reaction tapers off after approximately 6 hr of incubation.
the elastin substrate labeled with (4, 5) ['Hjlysine, since the specific activity of the lysyl residues in the elastin substrate was only four times greater than the specific activity of the hydroxylysyl and lysyl residues in the collagen substrate. Previously, higher activity with elastin substrates was thought to reflect the greater number of lysyl residues in elastin that formed crosslinks (5) . However, when I tested highly purified preparations with collagen substrates, I observed a marked increase in enzyme activity (Table 1 ). This activity with collagen substrates was inhibited by mixing small amounts of the initial enzyme extract with the purified enzyme, although this caused little reduction in activity with the elastin substrate. An explanation for the difference between substrates was suggested by a lag period of approximately 1 hr before aldehyde formation began in incubations with pure enzyme (Fig. 2) . In contrast, the reaction begins immediately with elastin substrates (5, 14) . A lag of similar duration is observed during the heat-induced precipitation of collagen from solution as fibrils (21) . Electron microscopy of the collagen substrate after 1 hr of incubation confirmed that native collagen fibrils were present then, but not prior to incubation. Observations of the solution during 1 hr of incubation both visually and by Klett colorimetry showed an increasing opacity of the solution that began at 20-30 min of incubation and plateaued by 40-50 min, as has been previously reported to occur during fibril precipitation (21) . The amount of collagen that precipitated was studied by measuring the radioactivity in the supernatant and precipitate after incubation at 370 for 1 hr and comparing it to initial radioactivity in the supernate. These results (not shown) indicated that 65-70% of the radioactivity was precipitated from solution during incubation. However, when crude enzyme was incubated with the collagen substrate for 3 hr and then centrifuged at 30,000 X g for 30 with [6-'Hllysyl collagen substrate, specific activity 820,000 cpm/nmol. The substrate was preincubated for 1 hr at 370 and then 5 Ag of purified lysyl oxidase was added to each assay tube and volume was adjusted to 1.5 ml. Formation of tritium water during 1-hr incubation with enzyme was measured by vacuum distillation of samples and assaying a 1-ml aliquot of distillate.
min at 370, all of the radioactivity remained in the supernatant. Amino-acid analysis of the precipitate after preincubation confirmed that it was essentially pure collagen with onethird glycyl residues and 106 hydroxyprolyl residues per 1000 amino acids (16) . When the precipitate was separated from the supernatant after initial heat precipitation, more than 98% of the observed enzyme activity was for precipitated collagen fibrils. In subsequent experiments, the substrate was preincubated at 370 for 60 min to allow fibril formation to occur before addition of enzyme fractions. When the substrate was preincubated for 1 hr, enzyme activity observed with the initial extract and partially purified preparations was higher than the activity with pure enzyme without preincubation (Table 1 , third column). Furthermore, inhibition no longer occurred when impure and pure enzymes were mixed. Duplicate samples gave values within 2%.
To determine the nature of the enzyme kinetics with the fibrillar substrates, various amounts of substrate were preincubated for 1 hr and then incubated for 1 hr with 5 jg of purified enzyme. A Lineweaver-Burk plot of the data obtained (Fig. 3) shows a typical linear relationship with apparent Km of 0.95 AM calculated on the basis of a molecular weight for monomeric collagen of 285,000 (1) .
To test whether the collagen and elastin assays were measuring the same or different enzyme molecules, fractions collected from the DEAE-cellulose column were assayed with both substrates (Fig. 4) . No difference in the elution of enzyme activity was observed. These results suggest that the same enzyme is active on both substrates. To obtain collagen in fibrillar and soluble form at comparable temperatures, 0.05 M arginine was used to inhibit fibril formation (21) . When (Table 2) . However, 0.05 M arginine did not affect activity if it was added to the reaction mixture after fibril formation. Arginine also had no effect on activity when assayed with elastin substrates (not shown).
To study whether factors other than the physical state of the collagen molecule were important for enzyme activity, activity for various substrates derived from [6-1H]lysine collagen was studied. As might be expected, significant enzyme activity was only observed with precipitated collagen fibrils. Soluble substrates such as denatured collagen or isolated a chains had low Activity. Purified isolated al-CB1, the amino-terminal cyanogen bromide peptide from the collagen al chain, with a single lysyl residue previously shown to be converted to allysine in vivo when part of the collagen molecule (6, 10) , was also inactive as a soluble peptide. After incubation with lysyl oxidase, the peptide was recovered, rechromatographed on phosphocellulose (18) , and analyzed by amino-acid analysis (18) . Both techniques indicated that the peptide had not been altered or degraded during incubation. These experiments confirmed that soluble proteins were inactive substrates. Pepsin-treated collagen was then used as a substrate to test whether any insoluble lysyl residue might be an active substrate. In initial experiments with pepsin-treated collagen in PBS, only 5-10% of the radioactivity precipitated after 60-min of incubation. However, 65% of the radioactivity precipitated when the experiment was repeated in 0.3 M sodium phosphate (22) . Lysyl oxidase activity was not particularly affected by this difference in ionic strength as measured with the elastin substrate; however, neither crude nor highly purified enzyme was active with the precipitated pepsin substrate in either PBS or 0.3 M sodium phosphate. When the normal collagen substrate was assayed in the presence of 130 Mg/ml of pepsin-treated collagen, some inhibition of enzyme activity was observed (Table 3 ). This inhibition was linear with increasing pepsin treated collagen concentration and had an apparent inhibition constant of approximately 0.90 uM. This probably indicates that the enzyme binds to normal and pepsin-treated collagen to a similar degree. Finally, to determine whether small peptides might become substrates by either interaction with collagen fibrils in solution or by absorption to fibrils, isolated [6-3H]lysine al-CB1 (final concentration 10 g/ml) was added to unlabeled pepsintreated collagen in 0.3 M sodium phosphate and incubated with purified lysyl oxidase. al-CB1 was chosen as the soluble previously partially purified by absorption to Sepharose 4-B resin that had had lathyritic rat skin collagen coupled to it (affinity resin). The enzyme was applied to a 1.5 X 10-cm DEAE column at 250 in 6 M urea, 0.05 M Tris -HC1, pH 7.6. Elution was with a linear 0-1.0 M NaCl gradient in a total volume of 200 ml in a solution of 6 M urea, 0.05 M Tris, pH 7.6. The absorbance of the effluent was continuously monitored at 280 nm, flow rate was 4.5 ml/min with 9-ml fractions collected. Fractions were dialyzed against 0.15 M NaCl, 0.1 M NaH2PO4, pH 7.8, overnight and 1-ml aliquots were assayed with 500,000 cpm of either [6-3H] lysyl collagen (-) or [4,5-3H] lysyl elastin (C) substrates. Incubations were for 3 hr at 37°. peptide in this experiment, since it forms the amino-terminal portion of the collagen molecule before cyanogen bromide cleavage (18) , is a substrate for lysyl oxidase when part of the native collagen molecule, (6) and is known to interact with other collagen molecules during fibril formation (23) . However, there was no enzyme activity and no indication that the peptide had been altered during incubation with purified lysyl oxidase. DISCUSSION The results reported here demonstrate that purified lysyl oxidase has comparable or greater activity with collagen than (24) . Although the substrate specificity cannot be completely defined by this study, the experiment with pepsin-treated collagen fibrils indicates that enzyme activity is not high for all lysyl residues in the solid state. Specific steric relationships are probably required for activity, since activity remained low even after addition of purified al-CB1 to the pepsin-treated fibrils. Perhaps the purified lysyl oxidase used in this study is only one of a class of enzymes that are able to utilize lysyl or hydroxylysyl residues in collagen or elastin as substrates. The initial extraction procedure in PB3S may not have solubilized an enzyme acting primarily in helical regions. Against this possibility, however, are the observations that the purified enzyme is active with both collagen and elastin, and the increase in specific activity during purification is similar for both substrates. Furthermore, the same enzyme molecule would seem to act on both proteins, since analysis of the DEAE-cellulose chromatograph with both substrates yielded a single peak of enzyme activity.
The assay with fibrillar collagen should facilitate characterization of lysyl oxidase with respect to normal collagen crosslinking and pathologic states with postulated abnormalities of crosslinking. The assay is more rapid and sensitive than the conventional elastin assay and uses a well-defined substrate.
Although the substrate is a lprecil)itate, the linear LineweaverBurk plot is evidence that it follows typical enzyme kinetics over short incubation times. The high inhibition with l)ep)silltreated collagen implies that the binding site for the enzyme is on the helical region of the molecule although the catalytic site is in the nonhelical region of the same or a different molecule in the fibril. The affinity for the helical binding site may still be sufficiently great after catalysis occurs that enzyme displacement is slow unless other collagen molecules are immediately adjacent.
Recent studies of the biosynthesis of collagen have shown that collagen is synthesized as a large, soluble precursor, procollagen (25, 26) . Presumably, following secretion, the precursor-slecific region of procollagen is enzymatically removed and then self assembly into collagei fibrils occurs (27) .
It is of interest that the initial enzyme extracts and the partially purified enzyme preparation appeared to inhibit fibril formation inl the collagen substrate described in this lpal)er.
Since a wide variety of low-molecular-weight compounds such as arginine or aspartic acid inhibit fibril formation (21) , this may be a noiispecific effect. Onl the other hand, this study indicates that formation of lsine-derived aldehydes occurs after fibril formation has begun. It will be of interest to determinie whether this reaction occurs on the outside of the growing fibril or in the interior of an assembled fibril. In either case, it seems likely that the rate of fibril formation as well as the concentration of lysyl oxidase is a significant factor regulating the biosynthesis of lysine-derived aldehydes and subsequent crosslinking in vivo. If fibril formation does regulate the rate of crosslinking, then specific inhibiting factors may be present in rapidly growing tissues, such as embryonic cartilage, to modulate the rate of fibril formation and subsequent crosslinking.
